A method of estimating the inter-grain strength of sintered ceramics is proposed by means of a simplified analytical crack-propagation model. The analysis is focused on the determination of inter-or trans-granular fracture path. The criterion of crackpath selection is based on the total released energy rate of the system on the crack extension. The hexagonal column is chosen as the grain shape featuring a silicon nitride crystal structure. The crack-propagation paths are shown, and the ratio of surface-formation-energies on inter-and on trans-granular paths is related with the inter-/trans-granular area ratio on the fracture surface, so as to estimate the strength of sintered ceramics.
Ceramics have advantage of light-weightness and high heat-resistance compared with the conventional metallic materials, so that they are expected as future structural materials in the ficld where such properties are highly required. However, on the other hand, ceramics have disadvantage of brittleness which poses the difficult problem for practical use. Many studies have been made on the brittle fracture of ceramics. Many of them are devoted to the measurement of fracture toughness, observation of fracture surfaces, and etc. However the micro mechanism of fracture itself has not been analyzed extensively.
In this paper, the micro mechanism of brittle crack propagation in ceramics is analyzed with respect to crack path selection. The past studies on crack paths have been mainly based on macroscopic view point (continuum mechanics), and their criteria are either based on the singularity at the crack tip or based on the energy in the whole system. A hypothesis on the extension direction for a stationary
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:19948107 crack in the mixture of mode I and I1 by Erdogan and ~ih(')(') is an example of the former, and one of the latter examples is an analysis of dynamic crack propagation in an infinite plate by the usc of Lagrange's equation by Shioya and ~ujimoto.(')(~) In the present paper the study is in the latter category, however, it is based on the microscopic view point considering the structure of materials.
The microscopic feature of fracture in polycrystalline ceramics such as sintered ceramics is classified into two modes. One is the mode in which the crack propagates along grain boundaries (inter-granular fracture mode), and in the other mode, it propagates along a certain plane such as one of the cleavage planes in the grain (trans-granular fracture mode). Actual fracture surfaces are mixture of the two modes. The larger the proportion of inter-granular fracture is, the weaker the grain boundary becomes. Generally the strength of grain itself is relatively high and stable, while the grain boundary strength depends very much on the sintering process, additives, temperature and so on. The strengthening of grain boundaries is, thereby, considered to be one of the most important factor in the developn~ent of high-strength ceramics, and the establishment of evaluation method for the strength of grain boundaries quantitatively is greatly required for practical use.
In this paper, an analysis is shown based on microscopic (inter-/trans-granular) model of a brittle crack propagating in a polycrystal. In the actual numerical model, a hexagonal crystal structure is assumed for the grain featuring a sintered silicon nitride and Monte-Calro simulation is utilized for the distribution of grains which can meet the crack path. The result is shown for the relationship between the inter-/trans-granular surface-formation-energy ratio and the fracture-surface ratio, giving a method of evaluating the strength of grain boundary from the fractography analysis.
2.MICROSCOPIC CRACK-PROPAGATION MODEL
A crack is supposed to propagate in an infinite plate of polycrystalline ceramics under uniform tensile stress a. Figure 1 illustrates the crack path at the encounter of grain boundary where the notations are defined; Y-axis in the direction of a, Y-axis vertical to a (the direction of the crack propagating macroscopically at mode I). The crack takes a particular path in the grain or along the grain boundary with the angle of 8 from X-axis. 8; is the angle when the crack propagates along a grain boundary, and 9, is that along a cleavage plane in the grain. yi is the surfaceformation energy per unit boundary length, and y, is that along a cleavage plane in the grain. Generally y, is larger than yi. As the energy consideration on the crack extension, Griffith's theory(') is famous for establishing the basis of fracture mechanics. In his model, the crack is supposed to expand without changing the boundary ulicler unifoim re~~sile stress tr direction. However, in the present model, the energy change and the crack propagation is considered in the case when the crack propagates with kinky turning. After turning, the crack is supposed to expand small length dn with the angle of a from X-axis. The elastic field of kinked crack is complicated with the mixture of mode I and mode 11. However, as the crack can be regarded to propagate macroscopically at mode I in this model, the elastic energy release dU, is approximated to that of mode I with propagating length 4 (=ducos8). that is At the above equation, c is the total length of the crack, and E is the Young's modulus. On the other hand, the surface-formation-energy dU, by the formation of crack surface da is dx dU, = yda = ycos e'
The condition of crack extension is that dU, reaches dU,. If there are more than one candidate paths, it is natural to choose one which gives the-lowest dU, for the same dU,. If the crack meets a grain boundary and may turn its path with the angle of either Oi (inter-granular path) or 8, (trans-granular path), the condition that the former path is taken is
The condition of the latter path is
The above simple criterion of crack path selection is employed in the following simulation procedure.
3.PROCESS OF SIMULATION
In the present analysis, a silicon nitride type structure is chosen as the material. A silicon nitride crystal has three structures, amorphous
type, a-type and (3-type. In the simulation, , , crystal structure in the grains is assumed to be (3-type. P-type structure has cleavage planes along which the crack can propagate. The shape of the grains is assumed to be similar to the crystal structure itself (hexagonal column) 4 with the aspect ratio of 3. The space other ,' than the grains is assumed to be filled with the amorphous phase material. In the PROPAGATING DIRECTION simulation procedure, grains are distributed 3-dimensionally along the possible crack path, however, the crack path is considered only on the plane (i.e-, X-Y plane) in Fig.2 ) are chosen randomly in a specified unit area in front of the crack, and the grains are grown step by step until they touch each other. The configuration of the grains ahead of the crack being specified by the above procedure, the crack is extended stepwise. Each step is from a crack kink point to the next kink point, i.e., at the end of each step, the crack meets a grain boundary where the criterion of path selection is examined whether the fracture is inter-granular or trans-granular by equations (3) and (4). yi and y, are assumed to be constant independent of the crack velocity. During the propagation in the amorphous phase, the crack path is supposed to be parallel to the macroscopic propagating direction, i.e., X-axis. The resultant configuration of grain distribution and crack path obtained by the above method is illustrated in an example shown in Fig.3 . Figure 4 shows the flow chart of the simulation.
The surface-formation energies yj and y, in inter-granular and trans-granular paths, depend strongly on the temperature, the sintering The ratio of these length corresponds to the fracture surface ratio on the actual fracture surface. The figure shows the tendency that the larger the value of yjy, is, the larger the inter-granular fracture surface ratio is. This relationship is obtained in a graphical form by performing numbers of simulations and is exhibited in Fig.6 . In order to obtain accuracy, one thousand grains are distributed along the crack path in the simulation. sulface versus sulfate-formation-energy ratio (in case : hexagonal column grains with anlo~yhous grai11 boundaries) tetrahedron gains without amorphous phase)
5.DISCUSSIONS AND CONCLUSION
A method of obtaining the ratio of surface-formation energies yJy, is newly proposed by crack propagation simulations based on an energy release theory. Since the surface-formation energy is considered to be almost constant, the knowledge of ratio yJy, leads to the evaluation of grain boundary strength, i.e., the sintering procedure, additives, and etc can be evaluated. yjy, is related to the proportion of inter-granular-area on the fractured surface. It has approximately linear decrement relation with the area ratio on the fractured surface. The shape of grains is assumed to be hexagonal column in the analysis. The actual configuration of grains may vary depending on the material, so that the simulation should be executed for each case. For example, Fig.7 shows the result for the simulation in which the crystal structure is a tetrahedron with the cleavage plains of its 4 face planes. Amorphous phase is omitted in the calculation. In this case, the decrease rate of yJy, is more rapid than in the case of Fig.6 , however, general tendency remains unchanged. In the prescnt analysis, the surface-formation energy is assumed to be independent of the crack velocity. These effects can be included in the simulation if the rate dependency characteristic is known.
